The optimization of carbon-based supercapacitors is of great technological importance for electrical energy storage. This challenge stresses the relevance of current attempts to increase the surface-related capacitance C/S (F m -2 ) of carbons. We show that for microporous carbons this property is practically constant for pore widths between 0.7 and 1.8 nm. The study is based on two independent approaches, (i) the effective surface area accessible to the ions, which may differ considerably from the BET-surface and (ii) the volumetric capacitance in the micropores. One obtains 0.094 F m -2 for (C 2 H 5 ) 4 NBF 4 /acetonitrile and approximately 0.100 F m -2 in aqueous H 2 SO 4 after correcting for pseudo-capacitance effects. This pattern is supported by recent modelling which takes into account the solvent. It is also suggested that constant values of the surface based-capacitance may reflect a gradual decrease of the dielectric constant of the electrolytes in smaller micropores due to desolvation.
Introduction
In view of the large surface area associated with their narrow pores, microporous carbons are used widely in supercapacitors. On the other hand, meso-and macroporous carbons also present specific advantages, such as favourable transport properties for electrolyte ions, in spite of their decreasing surface area to volume ratio.
The improvement of supercapacitors based on porous carbons requires a careful characterization of these materials and the identification of the parameters responsible for their electrochemical properties. In this context, the effective surface relatedcapacitance (F m -2 ) and the volumetric capacitance (F per cm 3 of micropores) are key This, in turn, implies differences in C/S of microporous carbons, which may lead to different conclusions. Therefore, we feel that this situation should be pointed out, in particular as it is relevant to theoreticians who rely on experimental data in order to verify their models describing electrolytes such as (C 2 H 5 ) 4 NBF 4 /acetonitrile and aqueous H 2 SO 4 . On the other hand, reliable information is required to guide the technological development of supercapacitors with optimal performance.
Here we summarize some recent developments 4, [9] [10] [11] [12] in the characterization of microporous carbons based on either the surface area determined by a combination of different techniques, or the volumetric capacitance in the micropores. It is shown that these converging approaches lead to important consequences for the search of suitable carbons for supercapacitors. It is also suggested that the constant value of C/S may reflect a change in the dielectric constant ε r of the electrolyte in the pores.
Experimental

Textural characterization of carbons
The study is based on porous carbons of different origins. They are found in ref. (9) (10) , with their main textural, calorimetric and electrochemical properties. The textural characterization was performed by gas adsorption and immersion calorimetry. The use of carbon tetrachloride (0.63 nm) and norbornadiene (0.65 nm) in both the vapour and liquid states 9 allowed the determination of the surface area accessible to the relatively large (C 2 H 5 ) 4 N + ion (0.68 nm). 13 For each carbon the average total surface area S av was determined with the help of the combination of different techniques. In the case of samples taken from a recent and detailed study, 9 up to six different determinations were used.
Electrochemical measurements
The electrochemical performances were tested in a sandwich-type capacitor set up with two carbon pellets (8 mm diameter, around 350 μm thick) separated by glassy fibrous paper (300 μm thick) and placed in a Swagelock cell. The electrodes were obtained by given in the present study is relative to the carbon mass in a single electrode. The accuracy with our laboratory-scale device was around ± 5 %.
Results and discussion
Determination of the specific surface area of carbon materials
The porosity of carbons can be divided into three domains, depending on the pore sizes, 1 namely microporosity (< 2 nm, mesoporosity (2-50 nm) and macroporosity (> 50 nm). In recent years, micropores and small mesopores have also been called nanopores.
To a first and probably good approximation, micropores can be considered as locally slit-shaped, at least in the range of widths up to 1.2-1.3 nm and similar lateral dimensions.
This approximation, inherent to the basic structure of carbons, is now commonly used in the modelling of their adsorption and electrochemical properties. This structure has already been suggested by high resolution electron microscopy 14 and by the dark-field technique of Oberlin et al. [15] [16] [17] As discussed recently, 4 
Exponent n varies between 1.5 and 3, depending on the width of the pore size distribution, and for most carbons n=2, which corresponds to the classical DubininRadushkevich (DR) equation. β is a parameter depending on the adsorbate.
It has been shown 19, 20, 28 that the characteristic energy E o is related to the average width L o of slit-shaped micropores by the equation:
For typical PSDs with a single maximum, the surface area of slit-shaped micropores is close to the simple geometrical relation:
It follows, that for microporous carbons the total surface area is:
where S e (external surface) is the area found in larger pores and on the outside of the sample. The external surface can be obtained by different techniques, such as comparison plots, 21, 29, 30 the analysis of the hysteresis loop on desorption, 29 and by immersion calorimetry. 9, 19 These values are usually in good agreement.
Another approach to estimate the total surface area of carbons is the Kaneko's comparison plot method, 21 which is a development of Sing's α-plot. 29 It is valid for pores above 0.6 nm and one compares the amounts of N 2 adsorbed by the given sample and by a non-porous reference. 30 The slopes of the initial and the final sections of the plot multiplied by the specific surface of the reference sample (m 2 g -1 ) correspond, respectively, to the total surface area S comp and to the external surface area S e of the solid. In principle this technique can also be applied to other adsorbates such as benzene, dichloromethane and carbon tetrachloride.
Since phenol adsorbed by carbons from dilute aqueous solutions forms a monolayer on the surface of carbons, this property can be used to determine the surface of the micropore walls with the help of the liquid-solid isotherm. On the other hand, the total surface area can be determined by immersion calorimetry. 4, 22, 23 Based on a reference value of -0.105 ± 0.004 J m -2 , the enthalpy of immersion into 0.4 M aqueous solution of phenol leads to the total surface area S phe of carbons.
The current non linear density functional theory (NLDFT) plays a major role in the characterization of microporous carbons and the approach based N 2 at 77 K features in a recent ISO standard. 31 It considers homogeneous slit-shaped pores, but unlike the Monte Carlo approach, its pore size distribution suffers from a false gap in the region of 1 nm.
This feature may introduce some uncertainty in the surface area S NLDFT and the micropore volume. This shortcoming has been corrected in the recent QSLDFT model. 32 As illustrated by a few examples ( As implied by the data of Table 1 , the determination of surface-related properties may lead to strongly diverging results, depending on the choice of the surface area.
Moreover, depending on the pore size distribution and the size of the adsorbed molecule or ion, even S av or S NLDFT cannot be used in a straightforward manner. Finally, they become similar in wide pores. reflects the area equivalent to the total volume adsorbed in the micropores, rather than the surface area of the micropores walls, S mi . Table 1 and it appears that for carbons with average pore sizes below 1 nm the total surface area S tot (CCl 4 ) can often be smaller than S av . 
Specific capacitance C/S of microporous carbons in the organic electrolyte TEABF 4 /AN
As illustrated by Figure 4 , the study of various carbons 9, 10 with pore sizes between 0.7 and 1.8 nm clearly shows the difference in the surface-related capacitance based on the one hand on S BET and, on the other hand, on S av or S tot (CCl 4 ).
The dotted line shows the trend for C/S BET (□) and it includes data for carbide-based carbons (▲), where capacitances as high as 0.14 F m -2 have been reported. 33, 35 The latter data led to the hypothesis of an anomalous increase at pore widths below 1 to 1.1 nm. On the other hand, it appears that the values estimated by using the more reliable total surface areas C/S av or C/ S tot (CCl 4 ) (■), remain relatively constant between 0.7 and 1.8 nm. A local increase in the surface related-capacitance is not excluded for certain
carbons, but such a trend is no longer significant in the overall pattern of Figure 4 , because equally high capacitances are observed in pores well above 1 nm. Our detailed analysis 9 Figure   4 and it appears again that C/S is independent of the average micropore width. A possible explanation for this behaviour is discussed below. The possibility that the pore size distributions (PSDs) may hide an increase of the underlying capacitance dC/dS, suggested by some authors [39] [40] [41] [42] has also been examined by using different functions dC/dS = f(L). 12 As illustrated by Figure 5 , calculations showed that the PSDs of our microporous carbons, determined by NLDFT, only hide relatively small variations of (C/S) mi , the surface-related capacitance in the micropores
The experimental capacitance C/S of typical microporous carbons reported by us, including carbide-derived carbons with narrow PSDs, 36 remains therefore around 0.09 ± 0.01 Fm -2 for pore widths between 0.7 and 2 nm. By extension, the same conclusions should apply to aqueous electrolytes, following a correction for pseudo-capacitance effects.
Volumetric capacitance of microporous carbons in the organic electrolyte
TEABF4/AN
Although the capacitance is essentially a surface-based effect, it is interesting to examine the volumetric capacitance in the micropores, C mi /W o (F cm The study of the volumetric capacitance provides therefore an independent confirmation of a relatively constant surface-related capacitance in slit-shaped micropores.
At industrial scale, where the volume of the device is a key factor, the much higher volumetric capacitance in smaller pores is interesting. However, it presents adverse effects since the ions transport during the supercapacitor charge-discharge is more restricted in pores with sizes similar to those of the ions. The increasing internal pore resistance in narrow micropores also leads to a decrease in the capacitance at high current densities and in the power capability.
Specific capacitance C/S of microporous carbons in the aqueous electrolyte H 2 SO 4
In the case of electrolytes such as aqueous solutions of H 2 SO 4 and KOH, the experimental capacitance also includes contributions from so-called pseudocapacitive effects due to the redox processes involving surface functionalities. 45 This probably reflects differences in the nature of surface complexes involved in the pseudocapacitance effects. A similar pattern applies to the 6 M KOH electrolyte. 9 By using the value of 50 F per mmol of CO evolved in TPD, the experimental capacitances can be corrected and one obtains the effective double layer capacitances shown in Figure 8 . In spite of a slightly larger dispersion, the pattern obtained for the corrected capacitances (■) is similar to that shown in Figure 4 . This suggests an identical behaviour for both types of electrolytes in micropores, characterized by the absence of a trend in C/S. This is due to the uncertainties in the correction for pseudocapacitance effects, which depend on the nature of the chemical groups.
43,45
Comparison with models and possible interpretations of constant C/S capacitances
The use of S av or S tot (CCl 4 ), with the appropriate correction for the pseudocapacitance effects in the case of the aqueous electrolyte, suggests that C/S does not depend on the width of micropores between 0.7 and 1.8 nm, and probably beyond. This fundamental difference with the increase of C/S BET at pore widths below 1.2 nm has consequences on the development of carbons used in supercapacitors. It suggests that, at low current density, the total surface area is more important than the corresponding pore width, but small pores present an advantage due to the higher surface to volume ratio and the higher volumetric capacitance.
It is also interesting to examine the experimental data for C/S in relation to models suggested to describe the surface-related capacitance in the micropores of activated carbons. For example, following Huang et al., 46, 47 
On the other hand, in cylindrical micropores the reduced diameter no longer allows the formation of a double layer and it is assumed that the ion of radius a o occupies a central position along the axis of the cylinder (Electric wire model). This leads to For example, Figure 9 shows the pore size distributions of carbon CMS-H2 for both slit- 55 These studies are based on a modified Poisson-Boltzmann theory and conclude that a field-dependent permittivity significantly reduces the capacitance in cylindrical and spherical pores down to 1 nm. These studies suggest that C/S is relatively constant, in particular for TEABF 4 /PC. 54 The hypothesis of a variable ε r is therefore a possibility to be further investigated for organic and aqueous electrolytes. proposed for TEABF 4 /AN also applies to these electrolytes. This would correspond to the relatively constant values of C/S av shown in Figure 8 , but it must be confirmed by the same DFT-based modelling applied to these ions.
Taking into account the presence of the solvent visibly modifies the predictions regarding a change in C/S with the size of the micropores. The DFT-based modelling does not consider explicitly the relative permittivity and therefore further evidence may be provided by modelling based directly on the hypothesis of a variable ε r .
Conclusions
Our study illustrates the importance of a reliable structural characterization of porous carbons used as supercapacitors and, in particular, the determination of the surface area 48 and by recent modelling. The hypothesis of a variable ε r is also supported by the direct determination of its value in the expanding slit-shaped pores of the water-bentonite system. This system may be regarded as an analogue of the negative electrode in a carbon-based supercapacitor. The consequences of a variable relative permittivity in the micropores will be further investigated.
